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Abstract

A new type of optical bistability mediated by pho~ion and virtual exciton

coupling is suggested for polymers. Numerical results with parameters

pertaining to polydiacetylene-toluene-sulfonate are given as an illustration.

The stability of the steady-state solution is examined, and the physical

mechanism responsible for the bistability is discussed.
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In the transparenL region well below the absorption edge of

semiconductor quantum wells, a considerable amount of work has been done on

1-4
nonlinear coherent optical processes due to the excitation of light. Such

5-8
investigations have been extended to polymers in recent years. When the

frequency of the incident laser beam is tuned below the exciton resonance in

the semiconductor, it is known that virtual excitcis are generated. These

excitons interact nonlinearly with photons in the same way as real

excitons.2 ,4 -6 This nonlinear interaction, sometimes known as the phase space

filling effect, determines the spectral changes associated with the optical

excitation of two-dimensional (2D) systems of semiconductor quantum wells or

of one-dimensional (ID) systems of polymers. It also predicts a reduction in

exciton oscillator strength or a bleaching of the exciton transition.

Several recent studies 6 -8 have demonstrated that it is the optical

phonon modes that ruediate the exciton bleaching in T,olydiacetylene-toluene

sulfonate (PTS). Conjugated polymers have attracted much attention benause of

(3)
their large nonlinear optical susceptibility X ( . All these point to their

tremendous potential of applications in optical signal processing and high-

speed computing. It is therefore of great interest to investigate the

fundamental me ,ism that yields such a giant optical nonlinearity.

We consid,-. .1 this Communication the special case in which a sample of

polymer is contained in an optical cavity, and study its response to a laser

beam directed into the cavity. The polymer system in our treatment is

described by a Hamiltonian which is obtained by adding the photon-exciton

interaction to the model proposed in Ref. 6. This simple model has been

proven successful in the explanation of phonon-mediated optical Stark effect
7

observed experimentally. The purpose of this paper is to investigate the

relation between the input optical field intensity and the output intensity
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with special interest in the possible cnistence of any optical multistability

in the system. Our approach is semiclassical in the sense that quantum

fluctuations are neglected as usual. The phonon and exciton variables are

then eliminated adiabatically in our search for the multistability.

The total Hamiltonian can be written as

H - Qata + ph btb + wexctc + Xctc(b + bt )

+ ig(atc " cta) + i(afEe i t -aE*e i t) (1)

where we have ignored the spatial variation of the cavity fiald which creates

the virtual exciton. We consider in (1) only one of the many phonon modes

coupling most strongly to the exciton and neglect the momentum dependence of

the exciton. 6 Here, at (a), bt(b) and c (c) are the creation (annihilation)

operators for the cavity field, phonon and exciton, respectively, with

corresponding frequencies Q, wph and w ex . is the coupling constant for the

phonon-exciton interaction, while v stands for the exciton-field coupling

constant. The coherent driving field is taken to have the same frequency 0,

and its amplitude is E.

As mentioned above, our approach is semiclassical. The procedure is as

follows. We first find from the Hamiltonian (1) equations of motion for the

operators a, b, c in the rotating frame. Then we replace the operators by

their mean values defined as classical variables a - <a>, 0 - <b>, q - <c> and

n - <ctc>. In other words, in the limit of zero fluctuations, all
c

correlation functions may factorize and we have the optical Bloch-like

equations
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a E - x + gq (2a)

- - Fph , )ph.8 - iAn (2b)

- -(iA + lex)- iA'7(p + fi*) - (2c)

- -g(a*n + a) -Iexc (2d)

where we have defined the detuning a w e Q. The damping rates i, Ipn d

7 ex have been introduced phenomenologically.

In the limit of high Q cavity, we have x << Iex',ph . Consequently, the

excitonic and phononic viriables can be eliminated adiabatically. 9  In other

words, the time variation of these variables are assumed to follow that of the

fields. By setting the left-hand side equal to zero, it is therefore

straightforward to obtain from Eqs. (2b)-(2d)

A - ph + iYph )nc /(Wh + 'h) (3a)

8 + " -2An c/ph (3b)

1- -g(l - i7)a/(l + Y 2) (3c)

23 2 2 21a2
p nc " p An c+ (I - A )n - 2g (3d)

where we have defined

Y - A - A n0 (4a)



5

A - 2.2 / ph (4b)

and have made use of the fact that w ph > > 7ph All quantitites with the

-1
dimension t are measured in the unit ex I. Equation (3c) follows

directly from (2c) and 3(b), and (3d) is obtained by plugging (3c) in (2d).

For convenience, we now introduce the dimensionless variables T - Kt,

E - E/I and a - 12gF . The equation of motion (2a) for the field mode then

becomes

.a2 2
a = ./2g E - a cf( c) 1 (5)

where the function f is defined as

g 1 - i[A - Vpn(J c 2)

f( I 12 ) - I + (-) I (6)
c x 1 + (A p n c(IaCl2)] 2

That the number of virtual excitons n is a function of the field intensity Ic

a !a C 2 only is clearly seen from (3d). In the steady state, we set a = -a
C c S

constant in (5) and (6). A straightforward calculation then leads to

I + y 2 (1iI -s in (7)

s 2I +2/r)2 + 2 (1in in

s in i

where we have defined the steady-state cavity field intensity I - la s 2  the

driving field intensity I. - 2g 2JEJ 2 and Ys (in ) - A - A n (in ). The fact
i s in p s fr

that n is a function of the driving field intensity I. is seen from
s in
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n 3 _ 2(A/A )n2 + A2 + (1 + g 2 /X 2 ] -2n - 1 0 (8)
S p s p s in p

which follows from (3d) and (7). Equation (8) may have one or three real

roots depending on the parameters chosen. If there are three possible values

of ns for a given Iin , Eq. (7) implies that there may exist three possible

intensities of the output light since the output intensity is proportional to

the cavity field intensity.

It is necessary to determine the stability of the steady-state

solutions. This may be done in a similar fashion as discussed in Ref. 11.

Consider a general differential equation of the type

ac - F(a a*) (9)
Cc c

which may be linearized by a standard procedure for small perturbations 6a
c

and Sa* about their steady-state solutions a and a*. The resulting linear

equation is

a/[6ac - A [ (10)

where the matrix A is given by

SF(a ,a*) a F(a a*)
aa s aa* '

c c

a- F.(as,* )  __a.F* (a Ia*)

c c



The condition for stability is that the eigenvalues of A must have negative

real parts, which requires that TriA < 0 and detlAl > 0. More explicitly, we

have

a- (ReF) + a (ImF) < 0 (12a)
au av

a_ - v (ImF) av (ReF) (ImF) > 0 (12b)
au (va au >

where u - Re(a ) and v - Im(c c). Thus the stability conditions for our Eq.CC

(3) are

f -s) t Is f i(I s) > 0 (13a)

2

f.(I )[fi(I ) + 21 i- fi(Is ) ] > 0 (13b)t s i s s s

i-I

where fl (f2 ) is the real (imaginary) part of f.

On the other hand, since Eq. (8) has oniy one reai root for A < 0, it i!

quite clear that there is no multiple output intensity whenever the cavity

fi2ld is tuned on or above the resonance with the exciton, no matter how

strong the input intensity is. The situation is tne same wnen no phounons

are involved or when A 0 O. Therefore, the presence of the opticalP

multistability is really mediated by the phonons via their nonlinear

interaction with virtual excitons.

It is known that polydiacetylenes possess not only large X ( 3 ) but also

10small transmission loss a. An added attraction is their flexibility in the
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construction of waveguides. We consider in what follows polvdiacetylene-

toluene-sulfonate (PTS) as a specific example in our numerical calculation.

Following Ref. 6, we take only one of the phonon modes which couple most

6,7

strongly to the excitons. The parameters for PTS are 7Y 0.05 eV, -

0.258 eV, A - 0.1 eV and 7p - 0.002 eV. The steady-state intensity I has
ph -s

been calculated numerically as a function of I, with the energy unit ex
in

Thus w h - 5.)6 and A - 2.0. The results fcr diffzrent "alu- of A an g / ,

are plotted in Fig. I. It is found that only when the cavity field is tuned

sufficiently belo." the exciton resonance, say by an amount > ' does there

exist optical tristability. 'When the cavity damping is large or when g2/K is

small, there is no such nonlinear phenomenon either. This means that the

cavity feedback is one of the vital factors to creat optical, tristability in

the present case. On the other hand, such nonlinear phenomenon does not

appear in cavities of very high quality, namely, cavities of exceedingly high

2
figure of merit Q, or g /K is large. This implies that enough line width of

the cavity is required to create such nonlinear interactions, and hence that

this tristability is at least a dispersive one.

Through the linearized stability analysis of the steady-state solutions

discussed above, we have found that all the multiple solutions are stable

except for those in the vicinity of turning points such as A and B in Fig. I

(b) and (c). Hence, when the input field intensity increases continuously,

passing the turning point, and then decreases, the output field intensity will

follow a reversed hysteresis loop. in contrast to the ordinary optical

bistability behavior, this novel multistability behaves more like the special

hysteresis loop in systems that exhibit increasing absorption optical

13
bistability. It is also of interest to note that the middle branch as well

as the other two as shown in the figure is stable. This is of course very
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different from what happens in ordinary cases. However, as long as the input

field intensity .Langos zonotoni~ally, the cavity field intensity is not

expected t- -ove into the middle branch. For instance, the system follows the

upper branch as I. increases until it reaches the turning point A where it is
in

unstable and lumps to the lower branch as I. increases further. Similarly,
in

the system follows the lower branch and jumps to the upper branch at the

unstable point B when I. decreases. It is not impossible to reach the middlein

branch if the input intensity reverses its course of change at the turning

points. in addition, we learn from the numerical study that the threshold for

-he bistabilitv is raised by increasing the detuning ,L. Thus, a proper choice

may be preferable for the realization of optical bistabilitv.

We now attempt to understand physically the mechanism responsible for

this novel phenomenon of reversed optical bistability. It is seen from Eq.

(3c) that the resonance enhancement of the dipole moment in steady state

occurs at w - -A n - 0. The term A n may be regarded as the latticexp s p s
6

relaxation energy. Therefore both the real and imaginary parts of the

optical 'esponse of the PTS system depend upon this relaxation energy, which

.s directly proportional to the number of virtual excitons induced by the

cavity field. Since both the absorption and dispersion of PTS are known to be

intensity dependent, it appears that the bistability discovered in the present

work belongs to a mixed ty pe of dispersion and absorption. As we have found

in our numerical analysis, when I. increases from zero and reaches a point
in

where n can have three different values, the largest n always satisfies the
S S

relation A - A n - 0. Further increase of I. beyond that point leads to an
p s in

increase of the refractive index of PTS. This may be uinderstood in the

following way. As the input intensity increases beyond a certain level, the

number of virtual excitons becomes large enough that the laLtice relaxation is



sufficiently high for the refractiv" index to deviate from the cavity;

resonance. Consequently, the cavity field switches to the lower branch. The

dispersion effect plays a crucial role in this type of optical bistabilitv.

As concluding remarks, we note that the virtual excitons and lattice

vibrations in PTS indeed damp much faster than the damping in an ordinary

cavity. This enables us to eliminate the excitonic and phononic variabie-

adiabatically for the special kind of bistabilitv discussed above.

Furthermore, the novel phenomenonon of optical tristabilitv is found b'

considering only a single phonon mode in PTS. It is therefore expected -.

find cptical multistability if more phonon modes are included-
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Figure Caption

i. Intensity of the cavity field I versus the input field intensity I .

g2/ 2

(a) A - w ph - 5.16, g /- 0.1; (b) A - ph' g / K - 0.5; (c) A - wph'

g 2 -1.0; (d) A - wph' g  - 1.5; (e) A -ph g /x - 2.0; (f) A - 3.0,

2
g / - 1.0. The dashed lines in (b) and (c) are hypothetical to complete

the reversed hysteresis loop.



T

LC)

CN- CC

000 0 00 0 0
c~J ('4- (N



CL/1113/86/2

TECHNICAL REPORT DISTRIBUTION LIST, GEN

'O. No.
Copies Copies

Office of Naval Research 2 Dr. David Young 1
Attn: Code 1113 Code 334
800 N. Quincy Street NORDA
Arlington, Virginia 22217-5000 NSTL, Mississippi 39529

Or. Bernard Douda 1 Naval Weapons Center 1
Naval Weapons Support Center Attn: Or. Ron Atkins
Code 50C Chemistry Division
Crane, Indiana 47522-5050 China Lake, California 93555

Scientific Advisor 1Naval Civil Engineering Laboratory 1 Commandant of the Marine Corps
Attn: Dr. R. W. Drisko, Code L2 Code RD-i
Port Hueneme, California 93401 Washington, D.C. 20380

U.S. Amy Research Office I
Defense Technical Information Center 12 Attn: CRD-AA-IP
Building 5, Caneron Station high P.O. Box 12211
Alexandria, Virginia 22314 quality Research Triangle Park, NC 27709

Mr. John Boyle
OTNSRDC 1 Materials Branch
Attn: Dr. H. Slngerman Naval Ship Engineering Center
Applied Chemistry Division Philadelphia, Pennsylvania 19112
Annapolis, Maryland 21401

Naval Ocean Systems Center
Dr. William Tolles 1 Attn: Dr. S. Yamamoto
Superintendent Marine Sciences Division
Chemistry Division, Code 6100 San Diego, California 91232
Naval Research Laboratory
Washington, D.C. 20375-5000 Dr. David L. Nelson

Chemistry Division
Office of Naval Research
800 North Quincy Street
Arlington, Virginia 22217

1i



OL/1113/86/2

ABSTRACTS DISTRIBUTION LIST, 056/625/629

Dr. J. E. Jensen Dr. C. B. Harris
Hughes Research Laboratory Department of Chemistry
3011 Malibu Canyon Road University of California
Malibu, California 90265 Berkeley, California 94720

Dr. J. H. Weaver
Department of Chemical Engineering Dr. F. Kutzler

and Materials Science Department of Chemistry
University of Minnesota Box 5055
Minneapolis, Minnesota 55455 Tennessee Technological University

Cookesville, Tennessee 38501
Dr. A. Reisman
Microelectronics Center of North Carolina Dr. 0. DiLella
Research Triangle Park, North Carolina Chemistry Department

27709 George Washington University
Washington D.C. 20052

0-. M. Grunze
Laboratory for Surface Science and Dr. R. Reeves

Technology Chemistry Department
University of Maine Renssaeler Polytechnic Institute
Orono, Maine 04469 Troy, New York 12181

Dr. J. Butler Dr. Steven M. George
Naval Research Laboratory Stanford University
Code 6115 Department of Chemistry
Washington D.C. 20375-5000 Stanford, CA 94305

Dr. L. Interante Dr. Mark Johnson
Chemistry Department Yale University
Rensselaer Polytechnic Institute Department of Chemistry
Troy, New York 12181 New Haven, CT 06511-8118

Dr. Irvin Heard Dr. W. Knauer
Chemistry and Physics Department Hughes Research Laboratory
Lincoln University 3011 Malibu Canyon Road
Lincoln University, Pennsylvania 19352 Malibu, California 90265

Dr. K.J. Klaubunde
Department of Chemistry
Kansas State University
Manhattan, Kansas 66506

• I a I I6



L/I1113/86/2

ABSTRACTS DISTRIBUTION LIST, 056/625/629

Dr. G. A. Somorjai Dr. R. L. Park
Department of Chemistry Director, Center of Materials
University of California Research
Berkeley, California 94720 University of Maryland

College Park, Maryland 20742
Dr. J. Murday
Naval Research Laboratory Dr. W. T. Peria
Code 670 Electrical Engineering Department
Washington, D.C. 20375-5000 University of Minnesota

Minneapolis, Minnesota 55455
Or. J. B. Hudson
Materials Division Dr. Keith H. Johnson
Rensselaer Polytechnic Institute Department of Metallurgy and
Troy, Ne York 12181 Materials Science

Massachusetts Institute of Technology
Dr. Theodore E. Madey Cambridge, Massachusetts 02139
Surface Chemistry Section
Department of Canmerce Dr. S. Sibener
National Bureau of Standards Department of Chemistry
Washington, D.C. 20234 Janes Franck Institute

5640 Ellis Avenue
Or. J. E. Demuth Chicago, Illinois 60637
IBM Corporation i 4,nold
Thomas J. Watson Research Center Dr. Alnold Green
P.O. Box 218 Quantum Surface Dynamics Branch
Yorktown Heights, Nev York 10598 Code 3817

Naval Weapons Center
Dr. M. G. Lagally China Lake, California 93555
Department of Metallurgical

and Mining Engineering Dr. A. Wold
University of Wisconsin Department of Chemistry
Madison, Wisconsin 53706 Brown University

Providence, Rhode Island 02912
Dr. R. P. Van Duyne
Chemistry Department Dr. S. L. Bernasek
Northwestern University Department of Chemistry
Evanston, Illinois 60637 Princeton University

Princeton, New Jersey 08544
Dr. J. M. White

Department of Chemistry Dr. W. Kohn
University of Texas Department of Physics
Austin, Texas 78712 University of California, San Diego

La Jolla, California 92037
Dr. 0. E. Harrison
Department of Physics
Nava1 Postgraduate School
Monterey, California 93940

7



DL/1113/86/2

ABSTRACTS DISTRIBUTION LIST, 056/625/629

Dr. F. Carter Dr. John T. Yates
Code 6170 Department of Chemistry
Naval Research Laboratory University of Pittsburgh
Washington, D.C. 20375-5000 Pittsburgh, Pennsylvania 15260

Dr. Richard Colton Dr. Richard Greene
Code 6170 Code 5230
Naval Research Laboratory Naval Research Laboratory
Washington, D.C. 20375-5000 Washington, D.C. 20375-5000

Dr. Dan Pierce Dr. L. Kesmodel
National Bureau of Standards Department of Physics
Optical Physics Division IndianaUniversity
Washington, D.C. 20234 Bloomington, Indiana 47403

Dr. K. C. Janda
Dr. R. Stanley Williams University of Pittsburg
Department of Chemistry Chemistry Building
University of California Pittsburg, PA 15260
Los Angeles, California 90024

Dr. E. A. Irene
Dr. R. P. Messmer Department of Chemistry
Materials Characterization Lab. University of North Carolina
General Electric Company Chapel Hill, North Carolina 27514
Schenectady, New York 22217

Dr. Adam Heller
Dr. Robert Gomer Bell Laboratories
Department of Chemistry Murray Hill , New Jersey 07974
James Franck Institute
5640 Ellis Avenue Dr. Martin Fleischmann
Chicago, Illinois 60637 Department of Chemistry

University of Southampton
Dr. Ronald Lee Southampton 509 5NH
R301 UNITED KINGDOM
Naval Surface Weapons Center
White Oak Dr. H. Tachikawa
Silver Spring, Maryland 20910 Chemistry Department

Jackson State University
Dr. Paul Schoen Jackson, Mississippi 39217
Code 6190
Naval Research Laboratory Dr. John W. Wilkins
Washington, D.C. 20375-5000 Cornell University

Laboratory of Atomic and
Solid State Physics

Ithaca, New York 14853

8



CL /1113/86/ 2

ABSTRACTS DISTRIBUTION LIST, 056/625/629

Dr. R. G. Wallis Dr. J. T. Keiser
Department of Physics Department of Chemistry
University of California University of Richmond
Irvine, California 92664 Richmond, Virginia 23173

Dr. D. Ramaker Dr. R. W. Plummer
Chemistry Department Department of Physics
George Washington University University of Pennsylvania
Washington, D.C. 20052 Philadelphia, Pennsylvania 19104

Dr. J. C. Hemminger Dr. E. Yeager
Chemistry Department Department of Chemistry
University of California Case Western Reserve University
Irvine, California 92717 Cleveland, Ohio 41106

Dr. T. F. George Dr. N. Winograd
Chemistry Departm Department of Chemistry
University of hester Pennsylvania State University
Roches" ew York 14627 University Park, Pennsylvania 16802

r. G. Rubloff Dr. Roald Hoffmann
IBM Department of Chemistry
Thomas J. Watson Research Center Cornell University
P.O. Box 218 Ithaca, New York 14853
Yorktown Heights, New York 10598

Or. A. Steckl
Dr. Horia Metiu Department of Electrical and
Chemistry Department Systems Engineering
University of California Rensselaer Polytechnic Institute
Santa Barbara, California 93106 Troy, NewYork 12181

Dr. W. Goddard Dr. G.H. Morrison
Department of Chemistry and Chemical Department of Chemistry

Engineering Cornell University
California Institute of Technology Ithaca, New York 14853
Pasadena, California 91125

Dr. P. Hansma
Department of Physics
University of California
Santa Barbara, California 93106

Dr. J. Baldeschwieler
Department of Chemistry and

Chemical Engineering
California Institute of Technology
Pasadena, California 91125

9


